Introduction
An initially uniform airstream enters an aircraft inlet and is routed to the engine face. Inlet performance, in terms of total pressure recovery and total pressure distortion, is degraded by flow phenomena originating within the duct itself. The subject of internally generated distortion and recovery losses is generally well documented in the literature for a variety of inlet duct types. Relatively little information exists on flow problems occurring within inlet ducts due to non-uniform upstream conditions. One type of upstream non-uniformity is a trailing "Research Engineer, National Research Council Associate. Member AIAA. vortex that has been ingested into the inlet. Such a vortex may be shed, for example, from a forward component of the airframe during a high angle-of-atlack maneuver. In a recent computational study by Anderson 1 the effects of an ingested vortex on the flow field within a F/A-18 inlet duct were examined. Anderson observed that the vortex trajectory within the duct behaves as though the flow field were inviscid, and that for some values of strength and location the ingested vortex negates the beneficial flow control effects provided by vortex generators installed on the duct surface.
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The objective of the present study is to experimentally explore the effects of an ingested vortex on the flow field within a diffusing S-duct. Two different configurations of the diffusing S-duct are considered, the baseline S-duct, and the same duct with an array of surface mounted vortex generators.
The flow features of the baseline configuration were explored in studies by Vakili et al. 2 and Wellborn et al.3 The primary features of interest originate with strong cross-stream pressure gradients developed by the duct centerline curvature. Imposed on the duct boundary layer, these pressure gradients give rise to secondary flows which converge near the duct surface at the angular position of flow field symmetry. This convergence, combined with an increasing cross-sectional area, results in a three-dimensional boundary layer separation. The resulting secondary flows develop into a pair of counterrotating axial vortices at the duct exit. These vortices are responsible for a good deal of total pressure distortion at the engine face. Additionally, flow separation contributes to the flow blockage that reduces the total pressure recovery of the duct.
As shown in recent experimental work by Reichert and Wendt 4 the duct distortion may be significantly reduced and total pressure recovery increased if vortex generators are used to "counter" or redirect the secondary flow converging near the duct surface. Boundary layer flow separation is eliminated in the duct and the counterrotating vortices found at the duct exit are weakened, thereby reducing their deleterious effects on the flow field. Eight different vortex generator arrays were tested in Ref.
4. The vortex generator array that produced the best total pressure recovery and least distortion was used in this study.
The results for three different conditions of ingested vortex are reported here. The ingested vortex conditions vary by the location of the vortex at the upstream boundary of the duct test section. For each condition of ingested vortex, a baseline S-duct and an S-duct with an array of vortex generators is tested. The data presented for each condition includes total pressure and transverse velocity fields acquired at full duct inlet and exit crossplanes, as well as duct surface flow visualization and static pressure data. These data are compared with the data acquired in the previous baseline and vortex generator tests, Refs. 3 and4.
In the first condition, the center of the ingested vortex coincides with the centerline of the inlet crossplane. Measurements of flow angularity, transverse velocity, and total pressure at the upstream crossplane aid in characterizing the ingested vortex initial strength and structure.
In the second condition, the center of the ingested vortex impinges near the wall of the inlet erossplane, at the circumferential location where strong secondary flows converge downstream to originate boundary layer separation.
In the third condition, the center of the ingested vortex impinges on the inlet crossplane near the duct wall opposite that of the second condition.
Experimental Facilities and Procw_dures

Facility Flow Conditions
Experimental measurements of the duct flow field were made at NASA Lewis Research Center using the Internal Fluid Mechanics Facility (IFMI_. This facility was designed to support the research of a variety of internal flow configurallons and is described in detail by Porro et al.5 The facility is schematically illustrated in Fig. 1 .
As shown in Fig.  1 , smooth circular pipes of appropriate diameter were attached upstream and downstream of the S-duct to produce (in the absence of the "'pinwheel" described below) a uniform incoming flow and a smooth, continuous condition for flow exiting the duct. The lengths of the upstream and downstream pipes were each 3.75 D1 where Dx is the diameter of the S-duct at the inlet crossplane. The duct inlet Mach number was M = 0.6 for all experimental test conditions and measurements. The inlet boundary layer thickness was approximately 4% of the duct inlet diameter and the Reynolds number, based on inlet diameter, was ReDx = 2.6 x 106.
The ingested vortex was generated with a nonrotating eight bladed pinwheel. The triangular blades of the pinwheel were cut from an eighth-inch sheet of aluminum rolled to an inside diameter of 24 inches. The eight blades were welded to a single aluminum "'hub" or ring to form the pinwheel pattern. The pinwheel was mounted on a sting anchored to a honeycomb-screen combination located at the downstream end of the facility plenum section. The sting and pinwheel extended downstream about 14 inches into the contraction section of the tunnel as indicated in Fig. 1 . The pinwheel and sting are illustrated in Fig. 2 .
The position of the ingested vortex within the duct could be varied by mounting the sting and pinwheel at different cross-stream locations on the honeycomb-screen combination. When looking upstream into the inlet pipe, the ingested vortex is seen to be a counter-clockwise vortex. 
In Eq. (1) The approximate streamwise location of boundary layer separation in the baseline duct is indicated in Fig. 3 .
Also shown is the approximate mounting position used for vortex generators in the duct.
Diffusing S-Duct with Vortex Generators
The vortex generators used are illustrated in Fig velocity and total pressure data were acquired here with a rake probe consisting of ten equally spaced and independently calibrated five-hole probe tips. The rake probe was traversed radially and circumferentially to acquire data at 720 uniformly spaced grid points in the (r, _b) exit plane survey grid. Grid resolution on the radial axis was ARID2 = 0.025 and A_b = 10°eircumferentially. More information on the geometry, construction, and calibration of the five-hole probe rake used in this study can be found in the report of Wendt and Reichert. 7
In addition to the velocity field survey, visualization of the near-surface duct flow was conducted using a fluorescent oil dot technique. 
Results and Discussion
Static and total pressure data are plotted in terms of the corresponding non-dimensional pressure coefficients defined as follows:
Po,re/ --Pre] flow effects are confined to a sector roughly four inches in diameter and centered on r = 0. The ingested vortex has no apparent effect on the total pressure field in Fig. 7b .
S-Duct Configurations
Figures 7c and 7d illustrate the off-centerline impingement of the ingested vortex. Figure 7c presents the transverse velocity and total pressure results for test cases 5 and 6, Fig. 7d for test cases 7 and 8 . The velocity data show a grouping of 3 distorted vortices for both of these impingement conditions. The center vortex (a counter-clockwise vortex, closest to the wail) is the strongest of the three. This vortex is the pinwheelgenerated vortex. The additional vortices in the flowfield are most likely the result of an interaction between the pinwheel-generated vortex and the upstream contraction surface boundary layer. Corresponding distortions in the boundary layer profiles are apparent in the total pressure profiles of Figs. 7c-d. Figure 8 illustrates the surface flow visualization resuits obtained inside the diffusing S-duct, near the region of flow separation. These two-dimensional patterns were obtained by pressing absorbent paper over oil flow patterns on the duct surface. In each figure the flow is from left to right.
S-Duct Results
Figures 8a-b represent the reference test cases 1 and 2 (see Table 1 ). The vortical region of flow separation is clearly evident in Fig. 8a . In the absence of the ingested vortex the baseline flowfield possesses mirror image symmetry through the line _b= 180°, as discussed earlier. This is also true for the diffusing S-duct with a symmeu'ic array of vortex generators installed as depicted in Fig. 5 . Note the absence of separated flow in Fig. 8b. Figures 8c, 8e, and 8g are the surface flow visualization results for the baseline S-duct with ingested vortex (test cases 3, 5, and 7, respectively). The effect of the ingested vortex is seen to be strongest in test case 5. Flow stagnation on the surface is still evident over the axial range 2 < s/D1 < 4 indicating flow separation, but the structure of this region is now different from reference test case 1. The mirror image symmetry of the vortical separation is destroyed, and a smaller, more concentrated, region of vortical flow appears on the surface, centered on the line ff = 180°. Downstream, in the angular range 180°< _b< 270°, the surface streaklines converge and trail off towards higher values of _bcreating an asymmetric pattern in contrast to Fig. 8a . Crossflow created by the near-wall proximity of the ingested vortex is the probable cause of this effect. The flow visualization results for test cases 3 and 7 illustrate that these conditions of ingested vortex have little influence on the surface flow features of the duct in the region of flow separation. Qualitatively, these present the same surface flow features seen in Fig. 8b . The divergence of the two concentrated patterns of converging strealdines (from _b = 180°) results when the crossflow created by the vortex generator array counters the naturally occurring crossflow as discussed in the Introduction. The divergence of the two streakline patterns in Fig. 8f is somewhat greater than that observed in the other vortex generator test cases. We also have evidence, from The constant values of static pressure found in the range 2 < s/D1 < 3 at _ = 90°and 170°are a result of flow separation at these locations. The effect of separated flow is also evident in the circumferential static pressure results at s/Dl = 2.97 and 4.01. At these axial positions, in the absence of flow separation, static pressttre should rise monotonically to peak values at _b= 180°. We observe, however, a flat response for 120°< ,_ < 180°.
The effect of the ingested vortex on the baseline duct is strongest in test case 5 (Figs. 9b and 9e) . Flow separation, represented by the flat pressure response recorded in test case 1, is observed to be alleviated (somewhat) in Figs. 9b and 9e. Again, as was observed in the flow visualization results, the probable cause is the crossflow created by the close proximity of the ingested vortex to the region of flow separation in test case 5. In Figs. 9a,  9c, 9d , and 9f the data overlap, also confirming what we observed in the flow visualization results, namely, that the ingested vortex is not affecting the surface flow features of the baseline duct for test conditions 3 _d 7. Figure 10 illustrates the exit plane transverse velocity and total pressure results for all test cases. Figure  10a is the baseline reference (test case 1), and Figs. 10b-d are the baseline cases with ingested vortex. As with the upstream velocity data, the transverse velocity scale is provided by a reference vector above each plot. The interpretation of this vector is the same as before.
Downstream Results
The transverse velocity field of Fig. 10a clearly shows the naturally occurring pair of counter-rotating upflow vortices. The term "upflow" refers to the convective action of the flow between the vortex cores. Low momentum fluid in the boundary layer region of the duct flowfield is convected up into the core flow by the vortices. The resulting distortion of the total pressure field is depicted in Fig. 10a . The flowfield possesses mirror image symmetry with respect to a line passing through the duct walls at the circumferential positions of _b= 0°a nd 180°.
The ingested vortex is clearly visible in the transverse velocity field of Fig. 10b . The effects of the ingested vortex on the total pressure field in test case 3 is minimal, however. In the transverse velocity field of Fig. 10c , no vortex structure identifiable as an ingested vortex is visible, but we clearly see the convective influence of this vortex. Note the shift in the position of the naturally occurring upflow vortices, to the right of center. This shift, due to the convective influence of the counter-clockwise ingested vortex, is also apparent in the total pressure contours. Note also that the low momentum "mound" of upflow fluid is reduced somewhat in size. The other impingement location of the ingested vortex, depicted in Fig. 10d , does not influence the exit plane results to the same extent exhibited in Fig. 10c . A small vortex structure, identified as the ingested vortex, is evident at the 10 o'clock position near the wall in the transverse velocity field of Fig. 10d . The influence of the ingested vortex on the total pressure contours here is seeh-as a distortion in the boundary layer on the wall opposite to the upwelling of boundary layer fluid created by the naturally occurring vortices. Figure 10e illuslrates the transverse velocity and total pressure results at the exit crossplane of the Sduct with an array of vortex generators and no ingested vortex (test case 2). In the transverse velocity field we observe four vortices; the exterior vortices are the naturally occurring pair discussed earlier, and the interior vortices are created by the upstream array of vortex generators. Note the strong downflow now present on the line of flowfield symmetry. The effect on the total pressure contours is to split the mound of low momentum fluid, seen in Fig. 10a , into two smaller mounds displaced to either side of the symmetry line.
Figures 10f-h illustrate the effect of the ingested vortex on this flowfield. In the transverse velocity field of Fig. 10f we clearly see the presence of the centrally Note that the two interior vortices (due to the generators) and the region of downflow on the previous symmetry line are now much stronger than that observed in Fig. 10e . Figure 10h is similar to the pattern depicted in Fig. 10e , except for the small distortion in the boundary layer on the wall opposite the location of the vortices. This result is analogous to that occurring in the baseline duct for this condition of ingested vortex (Fig.  10d) .
Summary
An experimental study of the effects of an ingested vortex on the flowfieid of a diffusing S-duct is reported. The vortex is generated through the use of a stationary pinwheel device mounted upstream of the diffusing Sduct. Three test conditions vary the location of the vortex in the duct inlet crossplane. For each condition of ingested vortex, a baseline S-duct and an S-duct with an array of vortex generators is tested. The data taken consist of duct inlet and exit orossplane surveys of velocity and total pressure combined with duct surface flow visualization and smile pressure. The data acquired in this test are compared to identical S-duct data taken in the absence of the ingested vortex.
In the first condition the ingested vortex impinges on the center of the duct inlet erossplane. Measurements of flow angle, transverse velocity, and total pressure at both inlet and exit crossplanes indicate a strong cen_'al vortex, with flow angles between +10°. When compared to identical results taken in the absence of the ingested Vortex, little effect on the inlet and exit crossplane total pressure contours and S-duct surface flow behavior (as defined by surface static pressure and flow visualization) was evident.
In the second condition, the ingested vortex impinges near the duct wall on the inlet crossplane, in a region of the flowfield that develops separation downstream. This impingement location of the ingested vortex promotes stronger regions of transverse flow in the duct exit plane. Profiles of total pressure and surface flow features differ considerably from test cases without the ingested vortex. The strength of the vortices shed from the array of vortex generators is enhanced by the convective influence of the ingested vortex.
In the third condition, the ingested vortex impinges near the duct wall opposite that of the second condition. When compared to identical results taken in the absence of the ingested vortex, little effect on the inlet and exit crossplane total pressure contours and S-duct surface flow behavior (as defined by surface static pressure and flow visualization) was evident. 
